Successful regeneration of tissues and organs relies on the application of suitable substrates or scaffolds in scaffold-based regenerative medicine. In this study, Ti-6Al-4V alloy films (Ti alloy film) were produced using a three-dimensional printing technique called Selective Laser Melting (SLM), which is one of the metal additive manufacturing techniques. The thickness of produced Ti alloy film was approximately 250 μm. The laser-irradiated surface of Ti alloy film had a relatively smooth yet porous surface. The non-irradiated surface was also porous but also retained a lot of partially melted Ti-6Al-4V powder. Cell proliferation ability of mouse fibroblast-like cells (L929 cells) and mouse osteoblast-like cells (MC3T3-E1 cells) on both the surfaces of Ti alloy film was examined using WST assay. Both L929 and MC3T3-E1 cells underwent cell proliferation during the culture period. These results indicate that selective laser melting is suitable for producing a cell-compatible Ti-6Al-4V alloy film for biomaterials applications.
Introduction
General clinical approaches in dentistry and medicine to the problems of injury, disease, or non-functional tissue/organ include reconstructive surgery and transplantation of artificial materials [1] . Tissue engineering (TE) is one method used to regenerate damaged tissues/organs using cell-seeded scaffolds, which may be fabricated from ceramics, synthetic polymers and metals [1] [2] . Scaffolds for TE must have good biocompatibility, a highly porous and interconnected structure to allow cell migration, and mechanical properties that match those of the host tissue/organ [2] [3] . Collagen, hydrogels, poly(l-lactic acid) and polyglycoric acid are used in applications that call for biodegradable scaffolds [1] [4]- [6] . Meanwhile, metals are typical non-biodegradable scaffolds, and there for are especially required to have an excellent biocompatibility and low allergic reactions. Although metal deterioration and corrosion sometimes are problems after transplantation, metals are still effective transplantation materials because of its physical strength surpass other materials [7] [8] . Titanium (Ti), for example, has excellent biocompatibility and corrosion resistance so has been used extensively in dental implants and orthopedic prostheses, such as hips and knees [9] [10] .
TE scaffolds can be fabricated by selective laser melting (SLM), electron beam melting (EBM) and fused deposition modeling (FDM), which are three-dimensional additive manufacturing (AM) techniques [11] - [15] . Using computer-aided design (CAD) to construct the material layer-by-layer, these AM techniques are capable of fabricating structures with a patient-specific architecture [16] . To improve fixation and stability of dental and orthopedic implants, porous coatings are being developed that promote mechanical inter locking by osteoblast proliferation and bone ingrowth. Porous Ti films are one such example that is expected to have substantial clinical applications.
In this study, Ti-6Al-4V film was produced using SLM; three-dimensional printing technique, and then cell proliferation ability was examined of mouse fibroblast-like cells to confirm the cell compatibility on the Ti-6Al-4V film. Furthermore, it is assumed that this Ti-6Al-4V film will be clinically applied for regeneration of bone defects as a scaffold in the near future, cell proliferation ability and calcification ability of mouse osteoblast-like cells were examined.
Materials and Methods

Ti-6Al-4V Powders
The chemical composition of the Ti-6Al-4V powder (TILOP64-150; OSAKA Titanium Technologies Co., Ltd., Hyogo, Japan) used in this study is listed in Table 1. The average particle size was approximately 80 μm.
Production of Ti-6Al-4V Film by SLM
The process parameters of the SLM apparatus (RafaEl 150 V; ASPECT Inc., Tokyo, Japan) used to produce the Ti-6Al-4V film (Ti alloy film) are listed in Table 2 . The volumetric energy density E (J mm −3 ) was calculated as:
E P vdh = where P is the laser power (W), v is the scanning speed (mm/s), h is the hatch spacing (mm) and d is the layer thickness (mm). Production of Ti alloy film was carried out under vacuum conditions (10 −2 Pa) to avoid oxidation. The powder bed was kept at a preheated temperature of 150˚C to reduce the residual stresses that might develop during the process. In the fabrication of the first layer, the laser power began at 80 W, increased in increments of 6 W until it reached 200 W. Subsequent layers were added under the same conditions to produce the film structure. Created from this process, the produced Ti alloy film has two surfaces, laser-irradiated (top) and non-irradiated (bottom).
Preparation of Samples
The Ti alloy film was formed into circles of 10 mm diameter for testing. The circular films were washed with synthetic detergent, ultrasonically cleaned for 20 min, then sterilized with ethylene oxide gas for 22 h.
Observation of Surface Property of Ti Alloy Film
Scanning electron microscopy (SEM; JSM-5510; JEOL, Tokyo, Japan) was used to observe the surface properties of both laser-irradiated surface and non-irradiated surface of Ti alloy films. The specimens were vapor deposited with carbon and observed at an accelerating voltage of 5 kV. Moreover, three-dimensional laser scanning microscope (VK-X200, Keyence, Osaka, Japan) was used to measure the calculated average roughness (Ra) of both surfaces. The surface area was measured in an approximately 2860 × 3940 μm horizontal plane.
Measurement of Wettability
The Wettability of both laser-irradiated surface and non-irradiated surface was assessed by measuring the contact angle (Sensiv Measure, Mitani Corporation, Tokyo, Japan) of 50 μL of distilled water placed on the Ti alloy film (n = 3).
Cell Culture
In this study, fibroblast-like cells (L929; NCTC clone 929, Connective tissue, mouse; DS pharma Biomedical Co., Osaka, Japan) and osteoblast-like cells (MC3T3-E1; Calvaria, mouse; DS pharma Biomedical Co.) were used. L929 cells were cultured in Eagle's Minimal Essential Medium (Life Technologies, Grand Island, NY, USA) with 5% fetal bovine serum (FBS; Life Technologies), penicillin (100 units/mL; Life Technologies) and streptomycin (100 μg/mL; Life Technologies) in a humidified atmosphere with 5% CO 2 until confluent at 37˚C. MC3T3-E1 cells were cultured in Alpha-Eagle's Minimal Essential Medium (Life Technologies) with 10% FBS, penicillin (100 units/mL; Life Technologies) and streptomycin (100 μg/mL; Life Technologies) in the same conditions.
Cell Proliferation Tests
Each laser-irradiated surface and non-irradiated surface of Ti alloy film was placed in a 48-well micro-plate. The cells were suspended at 1 × 10 5 cells/mL in each medium and seeded at 400 μL/well. The cells seeded on a micro-plate directly as a negative control. All culture media were changed every 2 days. The culture period for L929 cells was 5 days and cell proliferation was measured each day (n = 3). The culture period for MC3T3-E1 cells was 10 days and measurements of cell proliferation were carried out on days 2, 4, 6, 8 and 10 (n = 3). The cell proliferation at each time point was measured by the WST assay using a Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan; OD at 450 nm).
Observation of Cell Morphology of Cells
To observe their post-culture morphology, the L929 and MC3T3-E1 cell samples were fixed with 2% glutaral-dehyde (TAAB Laboratories Equipment Ltd., Aldermaston, UK) for 24 h, post-fixed in 1% osmium tetraoxide (TAAB Laboratories Equipment Ltd.) for 3 h, dehydrated through a series of alcohols and then freeze-dried. Finally, the samples were sputter-coated with platinum and observed using SEM at 10 kV. The cell morphology of L929 cells was observed on days 1, 2 and 3, and that of MC3T3-E1 cells was observed on days 1, 4, 7, 10 and 13.
Alizarin Red S Staining
Alizarin Red S staining was performed on days 14, 21 and 28 to detect mineral deposition caused by MC3T3-E1 cells. The cells on each Ti alloy film were washed with PBS three times and then fixed with ethanol for 20 min at 4˚C. Next, the cells were washed with distilled water three times and exposed to 0.01% Alizarin Red S solution (Calcified nodule Staining kit; Primary Cell Co., Ltd., Sapporo, Japan) for 5 min at room temperature. After staining, the cells were washed with buffer solution to eliminate non-specific staining.
Statistical Analysis
To evaluate cell proliferation of L929 and MC3T3-E1 cells on Ti alloy film, we performed one-factor ANOVA followed by Tukey's post hoc test. P-values of less than 0.05 were considered to be statistically significant. All values are expressed as the mean ± standard deviation (M ± S.D.).
Results and Discussion
Morphological Characterization of Produced Ti Alloy Film
SLM is a three-dimensional printing technique, and this technique was used to produce Ti alloy film in this study. This AM technique allows the generation of complex three-dimensional metal parts by selectively melting successive layers of metal powder on top of each other, using the thermal energy supplied by a focused and computer-controlled laser beam [11] [12] .
Macroscopic and SEM images of the Ti alloy film and three-dimensional surface topographies are shown in Figure 1 . The film thickness was approximately 250 μm. The laser-irradiated surface was relatively smooth with large numbers of pores (approximately 100 -200 μmin diameter) although these did not penetrate to the opposite side. On the other hand, the non-irradiated surface, also porous yet rough, was distinguished by partially melted Ti-6Al-4V powder. The calculated average roughness (Ra) of laser-irradiated surface was 2.336 μm and that of non-irradiated surface was 7.791 μm. Figure 2 shows side-view images of 50 μL of distilled water placed on the laser-irradiated and the non-irradiated surfaces. Their respective contact angles were approximately 91.3˚ and 97.9˚. There was no significant difference between the two groups.
Wettability Test
Neither the laser-irradiated nor non-irradiated surfaces showed high hydrophilicity. It has been reported that hydrophilicity of the Ti disk surface may be gradually lost through hydrocarbon contamination and causing hydrophobicity [17] [18] . However, hydrocarbon contamination was removed by 48 h ultraviolet treatment, and obtained a super hydrophilic surface as a result [18] . Therefore, it is suggested that Ti alloy film produced in this study had been contaminated by hydrocarbon or other chemicals, and it may be necessary to remove these contaminates to obtain a clean and hydrophilic surface.
Cell Proliferation and Cell Morphology
Cell proliferation was measured in both L929 and MC3T3-E1 cells throughout the culture period.
L929 cells cultured on the control micro-plate reached confluence after 5 days. Their proliferation on the Ti alloy film was slower than that of control, not reaching confluence, and did not show a statistically significant difference between the laser-irradiated surface group and non-irradiated surface group in the first 4 days of culture (Figure 3(a) ).
MC3T3-E1 cells cultured on the control reached confluence on day 10. As with the L929 cells, the proliferation of MC3T3-E1 cells on the Ti alloy film was slower than on the control, also not reaching confluence. There The laser-irradiated surface was relatively smooth yet porous. The non-irradiated surface contains a lot of pores, but it was rough and partially melted Ti-6Al-4V powder. The calculated average roughness (Ra) of laser-irradiated surface was 2.336 μm and that of non-irradiated surface was 7.791 μm. was not a significant difference between the control and experimental groups. Meanwhile, there showed a significant difference only on the day 8 by the comparison in the experimental groups (Figure 3(b) ).
SEM images of the typical cell morphologies on the Ti alloy film are shown in Figure 4 . The cells were polygonal and spindle-shaped and the cytoskeleton was well developed in the laser-irradiated and non-irradiated surface groups. The L929 and MC3T3-E1 cells had a similar appearance.
The porous nature of the laser-irradiated and non-irradiated surfaces and the partially melted Ti-6Al-4V powder on the non-irradiated surface were expected to act as anchors, thereby accelerating cell proliferation. However, this was not the case. By UV-treating the Ti alloy surface, in addition to becoming super hydrophilic, it has been demonstrated that such surfaces display enhanced attachment, spread, proliferation and differentiation of osteoblasts, as well as increased protein absorption in vitro [18] . We submit that our Ti alloy film requires a similar surface modification to promote cell proliferation. On the other hand, guided tissue regeneration (GTR) or guided bone regeneration (GBR) are one of the methods to regenerate absorbed alveolar bone in periodontics. In this method, biodegradable membranes (polylactic acid/polyglycolicacid copolymer and collagen) or non-biodegradable membrane (expanded polytetrafluoroethylene) are used to prevent in-growth of epithelial tissue or connective tissue which have a higher proliferation potential than osteoblasts [19] - [21] . These GTR/GBR membranes have the required flexibility to maintain the form of regenerated alveolar bone and mechanical strength that can tolerate external forces. Therefore, it is also suggested that this Ti alloy film has a possibility to be applied as the other biomedical materials.
Alizarin Red S Staining
The results of Alizarin Red S staining of MC3T3-E1 cells are shown in Figure 5 . The red region on the Ti alloy film indicates calcium deposition. A slight deposition was observed from day 14, caused by the MC3T3-E1. However, this calcium deposition level became gradually remarkable. These results indicate that our Ti alloy film facilitates the proliferation of MC3T3-E1 cells. There was no noticeable difference between the laser-irradiated and non-irradiated surfaces. 
Conclusion
In this study, we tested the cell proliferation ability of Ti-6Al-4V alloy films produced by selective laser melting. Both L929 and MC3T3-E1 cells underwent proliferation during the culture period, independent of whether the Ti-6Al-4V alloy surface was laser-irradiated or non-irradiated. These results indicate that selective laser melting is a suitable technique for producing cell-compatible scaffolding surfaces. Furthermore, it may also be widely applied as a biomedical material in the near future.
